The HER2-targeted therapy have profoundly changed the outcomes of women with HER2-positive breast cancers. Trastuzumab and pertuzumab, HER2-targeting monoclonal antibodies, lapatinib and Neratinib, small molecule inhibitors of HER2 and the epidermal growth factor receptor, and ado-trastuzumab emtansine, a HER2-positive directed antibody drug conjugate, are approved for the treatment of HER2-positive breast cancer.
Introduction
Breast cancer is one of the most common cancers in women worldwide [1] . In 2012, nearly 1.7 million women were diagnosed with breast cancer. This represents about 12% of all new cancer cases and 25% of all cancers in women [2] . Approximately 20-25% of all breast cancers overexpressed the human epidermal growth factor receptor-2 (HER2). This protein is a member of the HER family of transmembrane receptor tyrosine kinases and is located at the cell surface. HER2 is involved in cellular growth and differentiation, and its overexpression has been associated with adverse prognosis. Prior to the development of HER2-targeted therapy, women with HER2-positive breast cancer had poor outcomes. However, access to HER2-directed therapy including monoclonal antibodies, small molecule inhibitors, and antibody-drug conjugates in the management of early and advanced breast cancer has transformed the natural history of HER2-positive breast cancer [3, 4] . HER2-targeted therapy alone or in combination with chemotherapy has been associated with improvements in response rate, disease control rates, and overall survival in HER2-positive metastatic breast cancer [3] [4] [5] . Combination of HER2-targeted agents including dual HER2 blockade and selected delivery of potent chemotherapeutic agent along with HER2 inhibition are new therapeutic approaches that in many women have transformed metastatic HER2-positive breast cancer into a chronic disease. More importantly, HER2 blockade in early-stage breast cancer has resulted in lower recurrence and mortality [3, 6] .
As the outcomes of women with HER2-positive breast cancer have improved, increasingly attention has been directed toward minimizing both acute and chronic treatment-related toxicities. Cardiac toxicity is a known adverse effect of trastuzumab and other HER2-directed therapy [7, 8] . In most cases, it manifests as mild and reversible left ventricle dysfunction. Nevertheless, overt heart failure is not unusual. Serial monitoring of cardiac function is recommended for women treated with HER2-directed therapy. In women with treatment-related cardiac dysfunction, trastuzumab and other HER2-directed therapy interruptions and treatment of cardiac dysfunction are recommended. This chapter provides a summary of efficacy of HER2-directed therapy in breast cancer and reviews the incidence, pathophysiology, risk factors, monitoring, and management and prevention of HER2-targeted treatment-related cardiac dysfunction.
Efficacy of HER2-directed therapy
The current HER2-directed treatments for women with HER2-positive breast cancer include monoclonal antibodies, small molecule inhibitors, and antibody-drug conjugates ( Table 1) . Trastuzumab is the prototype humanized monoclonal antibody directed against the extracellular domain of human epidermal growth factor receptor-2 [9] . It was first evaluated in women with HER2-positive metastatic breast cancer. The combination of trastuzumab and chemotherapy resulted in improvement in progression-free and overall survival compared with chemotherapy alone, in women with HER2-positive metastatic breast cancer [5] . A Cochrane review assessed efficacy and safety of trastuzumab in seven trials, involving 1497 women with advanced breast cancer [10] . The combined hazard ratios (HRs) for overall survival and progression-free survival favored the trastuzumab-containing regimens (HR 0.82, 95% confidence interval (CI) 0.71-0.94, p-value = 0.004; and HR 0.61, 95% CI 0.54-0.70, p-value < 0.00001, respectively).
Later trastuzumab was evaluated in women with early-stage breast cancer, in both adjuvant and neoadjuvant settings, and demonstrated improvement in disease-free and overall survival. A Cochrane review evaluated efficacy and toxicity of trastuzumab in eight studies involving 11,991 women with early-stage breast cancer [11] . The combined HRs for overall survival and disease-free survival significantly favored the trastuzumab-containing regimens (HR 0.66; 95% CI 0.57-0.77, p-value < 0.00001; and HR 0.60; 95% CI 0.50-0.71, p-value < 0.00001, respectively). Based on results from five randomized adjuvant trials in women with nodepositive or high-risk node-negative breast cancer, 1 year of adjuvant trastuzumab has become the standard therapy for women with HER2-positive breast cancer [6, [12] [13] [14] .
Lapatinib is a dual EGFR/HER2 reversible tyrosine kinase inhibitor that suppresses the downstream signaling involving MAPK/Erk1/2 and PI3K/Akt pathways by blocking both HER1 and HER2 [15] . Lapatinib has demonstrated efficacy in HER2-positive advanced breast cancer [16] . In addition, it has been assessed in both adjuvant and neoadjuvant settings in women with early-stage breast cancer. However, overall the data suggest that lapatinib in early-stage breast cancer is inferior compared with trastuzumab [3, 17] . Pertuzumab is a humanized monoclonal antibody that binds to the extracellular domain II of HER2. It inhibits ligand-dependent HER2-HER3 dimerization and reduces signaling via intracellular pathways such as PI3K/Akt [18] . Pertuzumab has limited antitumor clinical activity alone, but it is a very good synergistic drug when combined with trastuzumab and has demonstrated benefit in combination with trastuzumab in the treatment of both early (neoadjuvant setting)
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and advanced HER2-positive breast cancer [3, 19, 20] . In the neoadjuvant setting, the pooled pathological complete response rate in the dual anti-HER2 therapy group was 54.8% compared with 36% in the monotherapy group when used in combination with chemotherapy (relative risk [21] .
Ado-trastuzumab emtansine (T-DM1) is an antibody-drug conjugate consisting of an antimicrotubule cytotoxic agent DM1 linked to trastuzumab [22] . In women with HER2-positive advanced breast cancer, who were previously treated with trastuzumab and a taxane, it has shown significant improvement in progression-free and overall survival compared with lapatinib plus capecitabine [23] .
Neratinib is an irreversible binder of HER1, HER2, and HER3 receptors [22, 24] It has demonstrated efficacy in HER2-positive breast cancer that progress on trastuzumab [3] . In addition, 1 year of neratinib following adjuvant chemotherapy and trastuzumab in women with HER2-positive breast cancer has been associated with modest improvement in disease-free survival [25] .
In summary, over the past 15 years, HER2-directed therapy has revolutionized the management of HER2-positive breast cancer. In women with early-stage cancer, neoadjuvant and adjuvant HER2-directed therapies have substantially improved the disease-free and overall survival. Likewise, for many women, HER2-targeted therapy has transformed HER2-positive advanced breast cancer into a chronic disease. For example, median overall survival of women with HER2-positive advanced cancer has improved from 20.3 months reported by Slamon et al. in the first randomized trial using trastuzumab with chemotherapy to 48 months with the use of triple combination of pertuzumab, trastuzumab, and docetaxel [5, 26] .
Cardiac safety of HER2-directed therapy
Trastuzumab
Trastuzumab-related cardiac dysfunction incidence varies according to the underlying treated population and the definition of cardiac toxicity used in the clinical trials. In the pivotal clinical trial that evaluated trastuzumab in combination with chemotherapy (anthracycline or taxane) in women with HER2-positive metastatic breast cancer, a high rate of cardiac dysfunction was noted, especially when trastuzumab was given in combination with an anthracycline-based chemotherapy [5] . In this trial, cardiac dysfunction was observed in 27% of the women who received an anthracycline, cyclophosphamide, and trastuzumab; 8% of the women who received an anthracycline and cyclophosphamide alone; 13% of the women who received paclitaxel and trastuzumab; and only 1% of the women who received paclitaxel alone. Among these women, the incidence of cardiac dysfunction of New York Heart Association class III or IV was 16% among women who were treated with an anthracycline, cyclophosphamide, and trastuzumab; 3% among women who received an anthracycline and cyclophosphamide alone; 2% among women who received paclitaxel and trastuzumab; and 1% among those who were treated with paclitaxel alone ( Table 2) .
Given a high risk of symptomatic heart failure with the concomitant use of trastuzumab with anthracycline, in all adjuvant breast cancer trials, trastuzumab was only used after anthracyclines or with anthracycline-free chemotherapy. A Cochrane review assessed efficacy and safety of trastuzumab in seven trials, involving 1497 women with advanced breast cancer [10] . In the major adjuvant trastuzumab clinical trials, the rates of symptomatic CHF varied from 0.6 to 4.1%, whereas the rates of symptomatic or minimally symptomatic reduction in LVEF ranged from 4 to 34% ( Table 3 ). The Herceptin Adjuvant (HERA) trial compared 1 or 2 years of trastuzumab given once every 3 weeks with observation in women with HER2-positive breast cancer. The incidence of trastuzumab discontinuation due to cardiac disorders was 4.3% [8] . The incidence of cardiac end points was higher in the trastuzumab group compared with observation: severe CHF, 0.60% compared with 0.06%; symptomatic CHF, 2.15% compared with 0.12%; and confirmed significant LVEF drops, 3.04% compared with 0.53%. Most women with cardiac dysfunction recovered in fewer than 6 months.
The National Surgical Adjuvant Breast and Bowel Project trial B-31 compared doxorubicin and cyclophosphamide (AC) followed by paclitaxel with AC followed by paclitaxel plus 52 weeks of trastuzumab beginning concurrently with paclitaxel in women with nodepositive, HER2-positive breast cancer [27] . Breast Cancer -From Biology to Medicine who began post-AC treatment, 5 of 814 (0.006%) women in the control group developed a cardiac event compared with 31 of 850 (0.036%) women treated with trastuzumab. The difference in cumulative incidence at 3 years was 3.3% (4.1% for trastuzumab-treated women minus 0.8% for control patients; 95% CI 1.7-4.9%). Twenty-seven of the 31 patients in the trastuzumab arm have been followed for ≥6 months after diagnosis of a CE; 26 were asymptomatic at last assessment; and 18 remained on cardiac medication. Fourteen percent of patients discontinued trastuzumab because of asymptomatic decreases in LVEF; 4% discontinued trastuzumab because of symptomatic cardiotoxicity.
In the North Central Cancer Treatment Group N9831 adjuvant breast cancer trial, women with HER2-positive operable breast cancer were randomly assigned to AC followed by either weekly paclitaxel (arm A); paclitaxel then trastuzumab (arm B); or paclitaxel plus trastuzumab then trastuzumab alone (arm C) [28] . There were 1944 women with satisfactory or no LVEF evaluation who proceeded to post-AC therapy. Cardiac events (CHF or cardiac death) were as followed: arm A, n = 3; arm B, n = 19; and arm C, n = 19 with 3-year cumulative incidences of 0.3, 2.8, and 3.3%, respectively. Incidence of asymptomatic LVEF decreases requiring holding trastuzumab was 8-10%; LVEF recovered and trastuzumab were restarted in approximately 50%.
The Breast Cancer International Research Group randomly assigned 3222 women with HER2-positive early-stage breast cancer to receive doxorubicin and cyclophosphamide followed by docetaxel every 3 weeks (AC-T), the same regimen plus 52 weeks of trastuzumab (AC-T plus trastuzumab), or docetaxel and carboplatin plus 52 weeks of trastuzumab (TCH) [6] . The incidence of congestive heart failure in the two trastuzumab-containing regimens was higher in the group receiving AC-T plus trastuzumab (2.0%) than in the AC-T group (0.7%) or the TCH group (0.4%); the incidence with AC-T plus trastuzumab as compared with TCH was increased by a factor of five. In addition, a significant difference in sustained, subclinical loss of mean LVEF (defined as >10% relative loss), was observed in the group receiving AC-T plus trastuzumab, as compared with the TCH group (18.6 versus 9.4%, p-value < 0.001), with a rate of 11.2% in the AC-T group. Of 194 of the 1042 patients (19%) who had a relative reduction in LVEF of more than 10% in the group receiving AC-T plus trastuzumab, the decrease persisted for at least 4 years after randomization in 33% of the women.
The FinHer investigators randomly assigned 1010 women to receive three cycles of docetaxel or vinorelbine, followed by three cycles of fluorouracil, epirubicin, and cyclophosphamide (FEC). The 232 women with HER2-positive cancer were further assigned to receive or not to receive nine weekly trastuzumab infusions [12] . The incidence of symptomatic heart failure among the HER2-positive women was 0.9% (one patient) with trastuzumab and 1.7% (two patients) without trastuzumab. The incidence of absolute declines in LVEF >20% points from baseline was 6.8% with trastuzumab and 10.5% without trastuzumab [12, 29] .
The Cochrane review evaluated toxicity of trastuzumab in eight studies involving 11,991 women with early-stage breast cancer [11] . 
Lapatinib and other HER2-directed therapies
In the Adjuvant Lapatinib and/or Trastuzumab Treatment Optimization trial (ALTTO), 8381 women with HER2-positive early breast cancer were randomly assigned to 1 year of adjuvant therapy with trastuzumab, lapatinib, their sequence (T → L), or their combination (L + T). Overall, incidence of primary or secondary cardiac end points was low in all treatment arms; primary cardiac end points occurred in 0.25-0.97% of women. Three fatal cardiac events occurred in the T → L arm and one in each of the other treatment arms [17] .
A comprehensive analysis of 49 clinical trials involving 3689 women treated with lapatinib reported a low rated of cardiac events [30] . For example, asymptomatic cardiac events were reported in 53 women (1.4%), and symptomatic grade III and IV systolic dysfunction was observed only in 7 women (0.2%) treated with lapatinib. Cardiac safety of lapatinib in combination with trastuzumab is reviewed in the section of dual HER2-directed therapy.
Cardiotoxicity of pertuzumab was usually reported with the trastuzumab combination, and no additive cardiotoxicity was reported with addition of pertuzumab to trastuzumab.
In phase I-III trials of pertuzumab, cardiac dysfunction was seen in 4.5-14.5% of women with pertuzumab treatment and cardiac dysfunction was usually grade I and II [30] . Cardiac safety of pertuzumab is reviewed in more detail in the section of dual HER2-directed therapy.
T-DM1 had a better safety profile compared to trastuzumab, and no significant cardiotoxicity was observed with T-DM1 in heavily pre-treated women. In the EMILIA study, only in 1.7% of women in the T-DM1 group experienced reduction in LVEF and grade III LVEF reduction developed only in one woman (0.2%) in the T-DM1 group compared to the lapatinib plus capacitabine group [23] . In phase I-II trials with neratinib, no cardiotoxicity was reported, whereas cardiotoxicity was seen between 0 and 5.3% with afatinib treatment [30] .
Dual HER2-directed therapy
Several trials have evaluated dual HER2-directed therapy using trastuzumab in combination with lapatinib or pertuzumab in the neoadjuvant setting and metastatic breast cancer. These trials reported the risk of heart failure with dual HER2-directed therapy [20, 26, [31] [32] [33] [34] .
A meta-analysis of randomized clinical trials compared the risk of cardiac adverse events with dual HER2-directed therapy to HER2 monotherapy and reported a comparable cardiac toxicity between combination and mono-HER2-directed therapies [35] . Overall incidence results for CHF in dual HER2-directed and monotherapy were 0.88% (95% CI 0.47-1.64%) and 1.49% (95% CI 0.98-2.23%). The incidence of LVEF decline was 3.1% (95% CI 2.2-4.4%) and 2.9% (95% CI 2.1-4.1%), respectively. When stratified by each treatment combination, the incidence of CHF was 0.96% (95% CI 0.40-2.31%) for the trastuzumab plus lapatinib combination and 0.80% (95% CI 0.33-1.93%) for the trastuzumab plus pertuzumab combination, while the LVEF decline was 3.2% (95% CI 1.8-5.7%) and 3.1% (95% CI 1.9-4.8%), respectively. The odd ratio of CHF between dual and monotherapy was 0. 
p-value = 0.77).
Overall, cardiac toxicity is more often noted with the regimens employing sequential anthracycline and taxanes. Nonetheless, the majority of women who received the therapy displayed neither acute nor delayed cardiac toxicity [29] . The rates of cardiac dysfunction with the novel HER2-targeted therapies are significantly lower than the trastuzumab. Furthermore, the combination of anti-HER2 treatment does not increase the cardiac toxicity compared to trastuzumab alone. Longer-term follow-up is required to determine the full effect of adverse cardiac events.
Pathophysiology of cardiac dysfunction
Cardiac dysfunction is a potential short-or long-term complication of several anticancer therapies. Although the underlying pathophysiology of trastuzumab and other novel HER2-directed therapy-induced cardiac toxicity is not fully understood, it is different from that of anthracycline-related or type I cardiac dysfunction and has been classified as type II cardiac dysfunction [36] . Whereas anthracycline-associated or type I cardiac dysfunction is dose dependent, cumulative, and potentially irreversible and has been associated with structural myocardial abnormalities, such as vacuolization, myofibrillar disarray and drop-out, and myocyte necrosis, trastuzumab-related or type II cardiac dysfunction is not dose related, does not appear to occur in all individuals, is expressed in a broad range of severity, is not related to identifiable structural changes, and, more importantly, appears to be reversible (Table 4 ) [36, 37] .
Trastuzumab-induced cardiac dysfunction is considered to be the result of attenuated HER2-mediated signaling in the heart, culminating in decreased functionality of cardiac myocytes. HER signaling plays an important role in modulating myocardial response to chemotherapy-induced injury and inhibition of the HER-2/erbB2 receptor worsens anthracycline-associated cardiotoxicity [38] . HER or ErbB receptors are family of transmembrane tyrosine kinase receptors that bind extracellular ligands and regulate cell growth, differentiation, and survival [39] . HER2 appears to function as a compensatory mechanism acting against cardiac stress, such as anthracycline-induced cardiotoxicity. Subsequent administration of trastuzumab may then lead to an inhibition of this compensation, resulting in heart failure [40] . Trastuzumab induces down-regulation of HER2 receptors which leads to apoptosis by disrupting downstream cytoprotective signaling pathways and by decreasing expression of Bcl-2 anti-apoptotic protein [41] . Discontinuation or trastuzumab withdrawal allows recovery of signaling pathway and reversal of LVEF decline, in contrast to the permanent myocyte dysfunction and damage caused by anthracyclines.
Trastuzumab-induced cardiotoxicity is demonstrated by inhibiting ErbB2 signaling in rat cardiac myocytes with a suitable antibody. This process promotes intrinsic (mitochondrial) apoptotic pathway that involves an increase in Bcl-XS/Bcl-XL ratio [42, 43] . Some studies showed that • may result in intractable heart failure and death
• may be safe and appropriate for some individuals
Effect of late sequential stress • High likelihood of sequential stressrelated cardiac dysfunction
• Low likelihood of sequential stress-related cardiac dysfunction Table 4 . Cancer treatment-related cardiac dysfunction.
Breast Cancer -From Biology to Medicinetrastuzumab down-regulates neuregulin-1 (NRG-1), which is released in endocardium and activates MAPK and the PI3K/AKT cell survival pathways as well as focal adhesion kinases (FAK) in cardiomyocytes which are all important for the function and structure of cardiomyocytes [44] .
In general, women who develop cardiotoxicity while receiving trastuzumab therapy improve upon withdrawal of the drug. Evidence suggests that reintroducing trastuzumab may be appropriate for some individuals who previously have experienced trastuzumab-related cardiac dysfunction.
Risk factors
The following are the risk factors for trastuzumab-associated cardiotoxicity identified in the adjuvant clinical trials: prior treatment with anthracycline-based chemotherapy; a borderline low normal left ventricle ejection fraction; prior treatment with antihypertensive medication; older age; and a body mass index >25 kg/m 2 [7, 29] . In the HERA trial, the women who had a cardiac end point received a significantly higher dose of epirubicin and doxorubicin than the women without [8] . Furthermore, women with a screening LVEF of <60% had a significantly higher incidence of cardiac end points than women with a higher screening LVEF ≥60% (6.90% versus 2.72%; 95% CI 1.33-7.02%). Women with a risk factor of hypertension, current smoker, diabetes, hypothyroidism, or age ≥60 showed a trend to a higher incidence of cardiac end points that was not significant.
In NSABP B-31 trial, CHFs were more frequent in older women and women with marginal post-AC LVEF [27] . LVEF, assessed either at baseline or after AC, was strongly associated with subsequent CHF (P < 0.0001), and age at entry was also predictive (P = 0.03). Hypertension was marginally significant (P = 0.07). In a multivariate analysis, age and post-AC LVEF remained statistically significant.
The NSABP B31 data about risk factors for a cardiac event are supported by NCCTG N9831 trial [28, 29] . For example, women ≥60 years had a risk of 6.6%, women aged 50-59 years had a 2.8% risk, and women <50 years had a 2.1% risk (P = 0.003). Previous or current use of antihypertensive agents increased the risk to 6.0% (P = 0.005). Baseline LVEF above the lower limit of normal but <55% increased the risk to 5.6% (P = 0.033). BMI (P = 0.161) and post-AC LVEF level (P = 0.134) were not significantly correlated with LV dysfunction.
Monitoring
Women treated with adjuvant trastuzumab and other HER2-directed treatment require appropriate monitoring of LV function. LVEF measurement, obtained by echocardiogram or radionuclide ventriculography (multiple-gated acquisition [MUGA] scans), is currently the generally accepted diagnostic tool to detect cardiotoxicity of antineoplastic agents. It is important to note that the LVEF reflects the functional status of the left ventricle, and until functional impairment occurs, myocardial injury will not be detected by LVEF measurement [40] .
With about a decade of follow-up involving women treated in the adjuvant setting with trastuzumab-containing regimens, the optimal surveillance for trastuzumab-related cardiotoxicity is not known. The available evidence does not definitively support a specific schedule of screening or demonstrates improved outcomes for the screened patients [45] . In the adjuvant setting, a baseline evaluation for cardiac function is performed with a repeat testing at 3, 6, 9, and 12 months [46] . In metastatic disease, HER2-directed therapy is continued until disease progression. LVEF is typically monitored at baseline, during the first 3-12 months of therapy and then as clinically indicated such as the presence of symptoms suggestive of cardiac dysfunction.
The optimal cardiac monitoring of women who are receiving novel HER2-directed therapy is not known. The United States Food and Drug Administration (US FDA) prescribing information recommends that all women who are treated with pertuzumab or lapatinib or TDM1 have LVEF assessed at the treatment initiation and subsequently at regular intervals (i.e., every 3 months in the metastatic setting and every 6 weeks in the neoadjuvant setting) [47] [48] [49] .
Given that cardiac dysfunction rates of novel HER2-targeted therapies are not high and the combination of anti-HER2 treatment does not increase the cardiac toxicity compared with trastuzumab, periodic monitoring of cardiac function in otherwise asymptomatic women with metastatic breast cancer may not be cost effective.
The early detection of injured myocardial cells is required more sensitive diagnostic tools than the use of conventional methods for LVEF measurement. For example, several small studies have evaluated tissue Doppler and strain rate imaging to detect early subclinical changes in cardiac function during and after cancer treatment that preceded a decrease in LVEF [50, 51] . Contrast ECG and real-time 3D ECG are under investigation that may allow improvement in the accuracy of calculating LVEF. In addition, early identification of women at high risk of cardiotoxicity by cardiac biomarkers, in particular, troponin can be more effective for targeted preventive strategies [50] .
Treatment of cardiac dysfunction
A multidisciplinary approach for the management of treatment-related cardiotoxicity is important for optimal outcomes. Cardio-oncology is a new interdisciplinary field of growing interest focusing on management and prevention of therapy-related cardiac dysfunction in cancer patients [52] .
Management of trastuzumab and other HER2-directed treatment-related cardiac dysfunction has two key components: withdrawal of trastuzumab and other HER2-directed therapy and treatment of underlying cardiac dysfunction. Although in the adjuvant clinical trials, various "stopping and restarting" criteria were used for asymptomatic declined in LVEF, the optimal withdrawal and continuation schedule for asymptomatic decline in LVEF in general population are not known.
The NSABP B-31 and the NCCTG N9831 trials used the following dosing guidelines.
• If there is 16% or greater decline in LVEF from the baseline value or 10-15% declined in ejection fraction to below the lower limit of normal of LVEF, trastuzumab is withheld for 4 weeks and reassessment of LVEF at week four. Discontinue trastuzumab if at 4 weeks LVEF remains below that levels.
• Discontinue trastuzumab if a person develop symptomatic heart failure during treatment with trastuzumb, it is discontinued. Symptomatic heart failure is defined as the presence of:
• dyspnea, pedal edema, and orthopnea;
• the presence of sinus tachycardia, raised jugular venous pressure, tachypnea, crackles, and S3 heart sound;
• radiographic evidence of pulmonary congestion or edema.
One of the algorithms for monitoring of cardiac function for women on adjuvant trastuzumab is described in Figure 1 .
Unlike early-stage breast cancer, the dosing criteria for women with metastatic breast cancer are not well defined. In clinical practice, left ventricle function monitoring is infrequently performed in otherwise asymptomatic women with metastatic breast cancer.
Angiotensin-converting enzyme (ACE) inhibitors and beta-blockers have been proven to delay or reverse LV dilation and improve ejection fraction [53] [54] [55] . All women with symptomatic heart failure should be treated with an ACE inhibitor in combination with a beta-blocker unless a specific contraindication exists. HER2-directed therapy should be permanently discontinued in such women. ACE inhibitors in combination with a beta-blocker should be used in all asymptomatic women with LV dysfunction and an ejection fraction below 40% unless a specific contraindication exists. Women with LVEF >40% may also get benefit from pharmacological intervention [56, 57] . The optimal duration of therapy is not known and is determined by several factors such as the degree of lv dysfunction, recovery of LV function, patient symptoms, and preference.
Lapatinib
The US FDA prescribing information recommends discontinuation of lapatinib for a decline in the LVEF to <50%, for those whose LVEF drops below the institution's lower limit of normal and for any women who develop symptomatic heart failure during therapy [49] . Dose reduction is recommended if the LVEF recovers to normal after a minimum of 2 weeks in otherwise asymptomatic patients.
Pertuzumab
The US FDA prescribing information recommends to withhold both pertuzumab and trastuzumab if LVEF is <45% or is 45-49% with a ≥10% absolute decrease below the baseline value and suggests discontinuing both pertuzumab and trastuzumab if the LVEF has not improved or has declined further on repeat assessment in 3 weeks [47] .
Ado-trastuzumab emtansine (T-DM1)
For women who are treated with T-DM1, at least temporary discontinuation of therapy is recommended if the LVEF falls to <40% or is 40-45% with a ≥10% absolute decrease below the pretreatment value [48] .
Preventive strategies
The presence of underlying cardiovascular risk factors can increase the risk of treatment-related cardiac dysfunction. Cardiovascular risk reduction with appropriate control of blood pressure, cholesterol, and blood glucose, as well as positive health-promoting behavior, including healthy diet, smoking cessation, regular exercise, and weight control, is recommended for women with breast cancer to reduce the risk of treatment-related cardiotoxicity [50, 58, 59] . Several strategies have been developed to mitigate the risk of both symptomatic and asymptomatic cardiac dysfunction related to HER2-directed therapy. These interventions include periodic cardiac function monitoring, use of a non-anthracycline-based chemotherapy, stopping and restarting HER2-directed therapy, and early detection of cadiotoxicity by biomarkers, followed by prophylactic intervention in selected high-risk patients.
HER2-directed therapy should be avoided in women with a significant cardiovascular history such as recent myocardial infarction, CHF, unstable angina, significant arrhythmias, uncontrolled hypertension, LV hypertrophy, or significant valvular heart disease. The cardiac toxicity data from the adjuvant trastuzmab trials suggest three approaches which have been Breast Cancer -From Biology to Medicineassociated with a reduced risk of cardiac toxicity. The first approach employed by the HERA investigators, which is the sequential use of trastuzumab after completion of adjuvant chemotherapy. This approach resulted in very low rates of cardiac toxic effects, despite the fact that 94% of women received an anthracycline-based regimen [29] . However, the direct comparison of concurrent versus sequential administration of trastuzumab in the N9831 trial suggests that even though the sequential approach is effective, concurrent administration provides greater benefit with minimal increased risk for cardiac toxicity [3, 29] .
A second approach was employed in FinHer trial which used 9-week duration of adjuvant trastuzumab and showed a very low rate of cardiac dysfunction [29] . However, the non-inferiority of shorter duration of trastuzumab is not confirmed in a randomized clinical trial.
In the Protocol for Herceptin as Adjuvant therapy with Reduced Exposure (PHARE) trial, 3380 women were randomly assigned 6 versus 12 months of trastuzumab [60] . The overall incidences of CHF were 0.65 and 0.53% in the 12 and 6 months arms, respectively (p > 0.05). Cardiac dysfunction occurred in 5.9 and 3.4% of women in the 12 and 6 months arms, respectively (p = 0.001) [61] . However, with a median follow-up of 42. The third approach is the use of a non-anthracycline-based chemotherapy regimen such as docetaxel and carboplatin plus 1 year of trastuzumab (TCH → H) that was employed in the BCIRG 006 trial. The rate of symptomatic congestive heart failure was only 0.4% with TCH → H compared with a rate of 2.0% with AC → TH → H [6] . A non-anthracycline-based regimen also eliminates the risk of cardiac dysfunction from anthracycline that may preclude the use of adjuvant trastuzumab. The risk for cardiotoxicity with an anthracycline-based regimen can be reduced by identifying women who are at increased risk for cardiac dysfunction and avoiding such regimen in these women.
The primary prevention using a beta-blocker or an ACE inhibitor has been employed as an approach to reduce cancer therapy-related cardiac toxicity [62] [63] [64] . The results of the PRADA (prevention of cardiac dysfunction during adjuvant breast cancer therapy) trial have shown that candesartan-but not metoprolol-concomitantly administrated with adjuvant chemotherapy including epirubicin, with or without trastuzumab, can protect against early decline in LVEF, assessed with cardiac magnetic resonance [62] . MANTICORE 101-Breast (Multidisciplinary Approach to Novel Therapies in Cardiology-Oncology Research) is a randomized trial that evaluated if conventional heart failure pharmacotherapy can prevent trastuzumab-mediated left ventricular remodeling, measured with cardiac MRI. The study randomized 99 women with HER2-positve breast cancer in a 1:1:1 ratio to an ACE inhibitor (perindopril), beta-blocker (bisoprolol), or placebo [63, 64] . The study failed to achieve its primary end point and neither a beta-blocker nor an ACE inhibitor, used as prophylaxis against trastuzumab's adverse cardiac effects, and successfully prevented left ventricle remodeling. The post-treatment LVEF for placebo patients was significantly but not clinically worse than in either of the experimental arms-56% versus 59% for perindopril and 61% for bisoprolol (down from 61, 62 and 62%, respectively). Although prophylactic beta-blocker or ACE inhibitor is currently not recommended in women with normal baseline LVEF, it may consider in woman at high risk of cardiac dysfunction.
Conclusions
The HER2-directed therapy including monoclonal antibodies such as trastuzumab, small molecule inhibitors, and antibody-drug conjugates has revolutionized the management of women with early and advanced HER2-positive breast cancer. Left ventricle dysfunction is a known adverse effect of trastuzumab and other HER-2 directed therapy. In most cases, it is mild and reversible; however, symptomatic heart failure is not a rare complication. The optimal approach to reduce treatment-related LV dysfunction, the best method for its early detection, and the optimal regimen to prevent it remain unknown. Appropriate patient selection for HER2-directed therapy and cardiac monitoring is essential to prevent and manage potential cardiac adverse events. A monitoring schedule that assesses baseline and on-treatment cardiac function but potentially reduces the overall number of assessments is suggested for women on HER2-directed therapy. Intervention strategies with cardiovascular medication such as treatment with ACE inhibitor and beta-blockers and cardiovascular risk reduction to improve cardiac status before, during and after treatment, are important to reduce incidence of heart failure. Simplified rules for starting, interrupting and discontinuing trastuzumab are important for the management of LVEF reduction in women on HER2-directed therapy. We recommend a multidisciplinary approach for the management and prevention of treatmentrelated cardiac dysfunction for the optimal outcomes.
